Background: Telomeres shorten with each cell division and are essential for chromosomal stability. Short telomeres in surrogate tissues (e.g., blood cells) are associated with increased cancer risk in several casecontrol studies, but findings are inconsistent in prospective studies.
Introduction
Chromosome ends are capped by telomeres which consist of tandem (TTAGGG) n nucleotide repeats and an associated protein complex called shelterin (1) . Telomeric DNA terminates in a G-rich single-strand overhang of 50 to 300 nucleotides and folds back on itself to form the telomeric "T-loop." Absolute telomere length (TL) depends on an individual's age, cellular replicative history, and tissue type (2). The telomerase complex, consisting of telomerase (gene name TERT), an RNA component (TERC), and other regulatory proteins elongate telomeres. Telomeres shorten with each cell division, partly due to incomplete replication of the 3 0 -end of chromosomes.
Telomerase is repressed in human somatic cells during extrauterine life and telomere attrition is part of normal aging of replicating somatic cells (2-4). When telomeres reach a critical length, loss of telomere protection leads to replicative senescence and apoptosis (5, 6) . If apoptosis does not occur and cells continue to divide, the resultant genomic instability causes chromosomal abnormalities. Somatic cancer cells, which lack normal DNA damage response mechanisms, continue to divide despite critically short telomeres by upregulating of telomerase or utilizing the alternative lengthening of telomeres mechanism (7, 8) .
Very short telomeres and germ line mutations in telomere biology genes occur in patients with dyskeratosis congenita (DC), an inherited bone marrow failure and cancer predisposition syndrome. Patients with DC have an 11-fold increased overall cancer risk and a 1,000-fold increased risk of squamous cell tongue cancer (9) . These patients start life with telomeres much shorter than the first percentile for their age (10) and have very early age of cancer onset (9) . Although DC represents the extreme of the short telomere phenotype, it is conceivable that smaller, less pronounced differences in TL in the general population may also contribute to cancer risk.
The number of epidemiologic studies of associations between TL and a variety of diseases has grown rapidly Authors' Affiliations:
1 Clinical Genetics Branch and in recent years. Herein, we review published reports and present meta-analyses on the association between TL in surrogate tissues and cancer risk.
Methods
We aimed to identify studies of the association of TL and risk of cancer in surrogate tissues (e.g., blood and buccal cells). We conducted a literature review using PubMed to search Medline (US Library of Medicine, Bethesda, MD). The search terms were "cancer or risk of cancer," "telomere," "telomere length," and "epidemiology," for studies published on or before August 30, 2010 . We included only full reports (abstracts only were excluded) in English. A total of 40 publications were identified, and their titles and abstracts reviewed for relevance. Twenty-three reports were excluded because they either focused on diseases other than cancer or analyzed TL in tumor tissues. Seventeen reports fit our selection criteria. A subsequent, more refined search including the terms "blood" or "buccal cells," "odds ratio," "case control," and "short telomeres," yielded an additional 20 publications of which 10 fit our selection criteria. Thus, we included a total of 27 reports on 13 different cancer types and 1 report on overall incident cancer in this review.
Laboratory methods utilized in published studies
Four different laboratory methods of TL determination were used in the reviewed reports (Table 1) . Wu and colleagues used terminal restriction fragment (TRF) analysis by Southern blot to determine TL (11) . This method requires larger amounts (hundreds of nanograms) of unfragmented, high-quality DNA and is labor-intensive and thus not high-throughput, which limits its utility for larger studies.
The majority of the reviewed reports used quantitative PCR (Q-PCR) TL measurement . This method was recently updated and can be high-throughput (34, 35) . The telomere repeat content is expressed as a ratio of telomere-specific amplification to a single copy gene. Q-PCR is fast, sensitive, and requires smaller amounts (few nanograms) of DNA. Published coefficients of variation (CV) for this method ranged from 0.37% to 28%. This wide range suggests substantial variability between laboratories. Four studies used quantitative FISH (Q-FISH) analysis (11, (36) (37) (38) . One publication which used Q-FISH reported a CV of 12.4% (38) . However, Q-FISH is limited to cells that proliferate well in culture which could result in a different population of cells than a study that combined all cell types. Fresh cells are also required for flow-FISH, which combines FISH and flow cytometry (39) and which determines TL in subpopulations of hematopoietic cells. This method is useful for studying telomeres of the immune system and its diseases [used by (40) ]. One study of esophageal cancer (32) used the single telomere length assay (STELA) assay which measures chromosome-specific TL at high resolution (41) .
Statistical methods
Meta-analyses were conducted with Stata version 11.0 (StataCorp) using the "metan" command. Twenty-five reports (using blood and buccal cells as DNA source) were included in the main meta-analysis. One publication reported an association between chromosome-specific TL and breast cancer risk (38) but no overall TL and therefore was excluded from the meta-analysis. One lung cancer study measured TL in cells of morning sputum which could have included tumor cells; therefore, we excluded this report. Begg's statistical test was used to assess publication bias (42) . Log ORs, 95% CIs, and standard errors (SE) of the referent quartile compared with the quartile with the shortest telomeres were used to compute the summary OR. HRs reported in Risques and colleagues (27) were converted into unadjusted ORs. Studies reporting mean TL among controls (20, 33) were converted to quartile categories. We obtained data from 2 studies that reported tertiles and converted these to quartiles (24, 31) . Sufficient data were given in Xing and colleagues (32) to convert to quartiles. We used the reported means and standard errors in cases and controls and assumed that the TL arose from a normal distribution and computed the 25th, 50th, and 75th quartiles, Q1, Q2, and Q3, respectively, in the controls using that Q1 ¼ mean À 0.67 Â SE, Q2 ¼ mean, and Q3 ¼ mean þ 0.67 Â SE. We then computed the probabilities among cases to fall into Q1, Q2, and Q3 and multiplied these probabilities by the total number of cases. Using that 25% of controls fall into each of the 4 categories, we created a 2 by 4 table to compute the OR for the highest compared with the lowest TL quartile and its standard error.
We first computed a pooled summary estimate assuming a fixed-effects model (43) . Because there was significant heterogeneity between estimates across studies, we then used the random-effects model (44) that we present in the Results section. Heterogeneity was described using the I 2 statistic, the approximate proportion of total variability in the point estimates that can be attributed to heterogeneity (45) .
Results
The published data on association between TL and risk of cancer are shown in Table 1 and Figure 1 . For consistency, we present the association findings (adjusted ORs) for TL categorized into quartiles or tertiles, and comparisons between the shortest and longest (referent) quartile or tertile, unless otherwise noted. All studies adjusted for age in their analyses, but adjustment for other exposures or conditions (e.g., smoking or body mass index) varied. We refer the reader to the specific publications for details.
Head and neck cancer
Imbedded in a comparison of 4 different cancer types (head and neck, lung, renal, and bladder), Wu and colleagues (11) evaluated the association between TL and (15) a NOTE: Nested case-control studies were conducted within prospective cohort studies. One study combined analyses of 2 independent case-control series of breast and colorectal cancer in their report (retrospective SEARCH and prospective EPIC case-control study; ref. 25) . One study combined 2 independent case-control studies of breast cancer in their report (37) . Abbreviations: WBCs, white blood cells; not otherwise specified. 
Breast cancer
Eight studies on TL and breast cancer were identified in our review. Two studies found no association between breast cancer risk and TL (13, 37), 3 studies found that short telomeres were significantly associated with increased breast cancer risk (28, 29, 38) , and 2 casecontrol studies found that telomeres were significantly longer in breast cancer cases than controls (14, 46) .
One retrospective case-control study (28) in 268 sister sets found no association between TL and breast cancer but suggested an association of shorter telomeres and premenopausal breast cancer (OR ¼ 2.1, 95% CI: 0.80-5.5, P trend ¼ 0.17). The CVs were 28% and 19% for interbatch and intrabatch variability, respectively. The same group replicated this finding in a larger, population-based casecontrol study with 1,067 breast cancer cases and 1,110 controls; an increased risk of premenopausal breast cancer was noted for shortest telomeres (OR ¼ 1.61, 95% CI: 1.05-2.45, P trend ¼ 0.01; ref. 29) .
A second study with 1,122 cases and 1,147 controls found no association between TL and breast cancer risk in postmenopausal women (13) after adjustment for known breast cancer risk factors (OR ¼ 1.25, 95% CI: 0.83-1.88, P trend ¼ 0.20). This study was prospective and DNA was obtained prior to cancer diagnosis, which could explain the inconsistency between this and other findings of TL and breast cancer.
One breast cancer study which found that longer TL increased risk of breast cancer used 265 cases and 446 matched controls from 2 population-based groups (OR ¼ 5.17, 95% CI: 3.09-8.64, P trend 0.01; ref. 46) . DNA was extracted from granulocyte preparations for 146 controls.
Bladder, lung, renal (11) Bladder (22) Bladder (12) Breast (28) Breast (14) Breast (13) Breast (37) Breast (38) Breast (37) Breast (25) Breast (30) Breast (29) Breast (25) CRC (33) CRC (20) CRC (25) CRC (25) Endometrial (26) Esophagus (27) Esophagus (32) Gastric (21) Gastric (17) HNC (11) Incident cancer (31) Lung (18) Lung (16) NHL (40) NHL (19) Ovarian (24) Prostate (23) Renal (36) Skin SCC (15) Melanoma (15) Skin BCC (15) 0.1 ORs 1 1 0 Figure 1 . Association between telomere length and risk of cancer in surrogate tissues. Association findings for TL are presented categorized into quartiles or tertiles and comparisons between the shortest and longest (referent) group. The graph was created using study-specific, adjusted ORs and 95% CIs with SigmaPlot Version 11.0. The work of Zheng and colleagues (37) includes 2 independent case-control series. Wu and colleagues (11) included bladder, lung, and renal cell carcinoma cases; Gramatges and colleagues (14) and Lan and colleagues (19) reported a significant association of longer TL and risk of breast cancer and NHL, respectively; here, we plot the inverse log ORs. Case-control study at Lombardi Comprehensive Cancer Center (37); chromosome 9-specific OR (38); case-control study at Roswell Park Cancer Institute (37); prospective EPIC study (25) ; retrospective SEARCH study (25) ; prospective EPIC study (25) ; and retrospective SEARCH study (25) . ). This association was weaker and not significant in the prospective component of the study when samples were collected ! 6 months prior to cancer diagnosis (OR ¼ 1.58, 95% CI: 0.75-3.31, P trend ¼ 0.18).
Lung cancer
TL in peripheral blood leukocytes (PBLs) from 54 lung cancer cases was significantly shorter compared with 54 controls (P < 0.001; ref. 11). This study also found that shorter telomeres were associated with an increased risk of lung cancer (combined OR for lung, renal, and bladder cancer ¼ 4.41, 95% CI: 2.1-9.28, P trend ¼ 0.001).
A second retrospective study of TL and lung cancer showed a very strong association in PBLs of individuals with short telomeres and increased risk of lung cancer compared with individuals with longer telomeres (OR ¼ 8.73, 95% CI: 4.08-18.71, P trend 0.0001; ref. 18). The interbatch and intrabatch CVs were 7.5% and 1.7%, respectively. The effect of short telomeres was most pronounced in small cell lung cancer. Another population-based casecontrol study (16) showed no association between short telomeres and risk of lung cancer (OR ¼ 1.58, 95% CI: 0.79-3.18) based on TL in DNA derived from morning sputum (111 patients, 99 controls). The possible presence of tumor cells in sputum complicates the interpretation of these findings. The CV was 23% and the intraclass correlation coefficient (ICC) was 0.87 for the Q-PCR assay.
Esophageal carcinoma
Two studies found significant associations between short TL and increased esophageal cancer risk. The first study measured TL by Q-PCR in a cohort of 300 individuals with Barrett's esophagus, of whom 38 developed esophageal adenocarcinoma. The OR was 4.66 (95% CI: 1.28-16.93, P ¼ 0.02) for those with shortest telomeres (27) . The CVs were 6% and 7% for the intra-assay and interassay variability, respectively. The second study evaluated both average and chromosome-specific (17p, 12q, 2p, and 11q) TL in 94 cases with esophageal carcinoma and 94 matched controls (32) . Individuals with short overall TL and with short 17p and 12q TL had a significant increased risk of esophageal cancer (OR for overall TL ¼ 2.52, 95% CI: 1.29-4.94, P ¼ 0.03).
Gastric cancer
Two case-control studies showed an increased association between short TL and gastric cancer. A Polish, population-based study included 300 patients and 416 matched controls. The OR for gastric cancer for subjects with the shortest compared with the longest TL quartile was 2.04 (95% CI: 2.01-4.79, P trend < 0.001; ref. 17) . Another gastric cancer case-control study (396 cases, 378 controls) presented a significantly increased risk (OR ¼ 3.12, 95% CI: 2.01-4.79, P trend < 0.001) in individuals with shortest TL (21). The interbatch CV was 8.1%.
Colorectal cancer
Two case-control studies of the association between colorectal cancer and TL showed no association. Both studies were restricted to Caucasian males (OR ¼ 1.25, 95% CI: 0.86-1.81, P ¼ 0.24; n ¼ 191) and females (OR ¼ 0.94, 95% CI: 0.65-1.38, P ¼ 0.76; n ¼ 134) from large cohorts (Women's Health Study and Physician's Health Study) and assessed mean leukocyte TL (20, 33) by Q-PCR using blood samples obtained at study randomization.
Pooley and colleagues (25) also investigated TL and cancer risk in retrospective and prospective studies on colon cancer. Colon cancer cases in the retrospective study had significantly shorter telomeres than controls (OR ¼ 2.14, 95% CI: 1.77-2.59, P trend ¼ 1.8 Â 10 À13 ). The prospective component found no association (OR ¼ 1.13, 95% CI: 0.54-2.36, P trend ¼ 0.82).
Ovarian cancer
A pilot case-control study of buffy coat TL evaluated 99 ovarian cancer cases and 100 controls from the population-based Polish Ovarian Cancer Study (24) . The risk of ovarian cancer was highest in the shortest TL tertile (OR ¼ 3.39, 95% CI: 1.54-7.46, P trend ¼ 0.002). Stratified analyses showed an increased association with short telomeres only in those with poorly differentiated tumors (TL dichotomized: OR ¼ 4.89, 95% CI: 1.93-12.34, P < 0.001 vs. OR ¼ 0.82, 95% CI: 0.29-2.28, P ¼ 0.07). A significant interaction between TL and tumor grade was observed (P ¼ 0.02). The CV for repeats was 6.4%.
Endometrial cancer
A nested case-control study (279 cases, 791 controls) found no relationship between leukocyte TL and endometrial cancer (26) . Women with the shortest telomeres and endometrial cancer had a multivariate adjusted OR of 1.2 (95% CI: 0.73-1.96, P trend ¼ 0.37). Among postmenopausal women, the OR was 1.04 (95% CI: 0.61-1.79). In this study, telomere and single-gene assay CVs for triplicates were 0.87% and 1.09%, respectively.
Prostate cancer
A prospective study with 612 individuals with prostate cancer and 1,049 controls from the PLCO cohort (Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial) showed that TL was not associated with prostate cancer (OR ¼ 0.81, 95% CI: 0.64-1.02, P trend ¼ 0.34; ref. 23 ). The CVs within triplicates of the telomere and single-gene assay were 1.11% and 0.77%, respectively, and the interassay CVs were 5.6% and 2.6%, respectively.
Renal cell cancer
Wu and colleagues (11) 
Bladder cancer
Consistently strong associations between surrogate tissue TL and bladder cancer have been observed. A study of 135 bladder cancer patients and 135 controls measured TL by Q-FISH in PBLs (11) . The OR for shortest TL compared with longest was 4.41 (95% CI: 2.1-9.28, P trend ¼ 0.001). A second case-control study with 63 bladder cancer patients and 93 controls (12) measured TL in buccal cells with Q-PCR and found an OR of 4.5 (95% CI: 1.7-12) for the shortest quartile compared with the longest.
The third study including 61 female and 123 male bladder cancer cases and 67 and 125 controls, respectively (22) , yielded an OR of 1.88 (95% CI: 1.05-3.36, P trend ¼ 0.006) in cases with the shortest TL. The CVs of the telomere and single-gene assay were between 2.22% and 2.46% (cases were ascertained from 2 different cohorts), and the intra-assay CVs were between 0.37% and 0.55%. These findings suggest that surrogate tissue TL could be a marker of bladder cancer risk. However, all 3 studies used samples obtained around the time of cancer diagnosis, so reverse causation bias could have contributed to these findings.
Non-Hodgkin lymphoma
One small study (40 cases, 40 controls) of TL in nonHodgkin lymphoma (NHL) found an OR of 19.0 (95% CI: 2.1-170.4) for short TL (40) . TL was measured in B and T cells in cases without peripheral blood involvement, and in granulocytes in controls, possibly confounding the results because of shorter telomeres in granulocytes. A second, prospective study with 107 cases showed a doseresponse relationship between quartiles of increasing TL and risk of NHL (OR ¼ 3.6, 95% CI: 1.4-8.9, P trend ¼ 0.003; ref. 19) . This association was similar across the most common subtypes. Tumor cells circulating in peripheral blood of undiagnosed cases in this study could have caused to bias the effect toward null. The authors suggested that individuals with longer telomeres have an elevated NHL risk.
Skin cancer
One prospective case-control study on skin cancer nested in the Nurses' Health Study included 803 women with incident skin cancer including melanoma, squamous cell carcinoma (SCC), basal cell carcinoma (BCC; ref. 15) . Shorter telomeres were associated with a nonsignificant decreased risk of melanoma (OR ¼ 0.59, 95% CI: 0.31-1.13, P trend ¼ 0.09) and SCC (OR ¼ 0.73, 95% CI: 0.34-1.55, P trend ¼ 0.3). In contrast, shorter TL was correlated with nonsignificant higher risk of BCC (OR ¼ 1.85, 95% CI: 0.94-3.62, P trend ¼ 0.09).
Overall incident cancer
The association of TL and incident cancers was conducted in a prospective, population-based study of 787 participants who were cancer free at enrollment (31) . After 10 years of follow-up, 92 individuals developed a cancer. The HR for incident cancer was highest in those in the shortest TL tertile compared with the longest (OR ¼ 3.11, 95% CI: 1.65-5.84, P < 0.001). Higher cancer mortality was also noted among individuals with shorter TL. However, this study was based on a small numbers of incident cancers.
Meta-analysis of the association between telomere length and cancer
A total of 25 studies on 13 different cancers (bladder, breast, colorectal, esophageal, endometrial, gastric, head and neck, lung, NHL, ovarian, prostate, renal, and skin cancers) and overall incident cancer were included in the meta-analyses based on the following criteria: DNA derived from blood or buccal cells, and analysis by quartiles of TL among controls (studies included are noted in Table 1 ). A study which measured TL on chromosome 9p only (38) and 1 on lung cancer (16) which used cells from sputum were excluded from the analysis. Publication dates ranged from August 2003 (11) to August 2010 (31) . The largest report (25) involved 2,249 patients with colorectal cancer; the smallest included 32 patients with renal cancer (11) .
We first computed a fixed-effects meta-analytic estimate and found appreciable heterogeneity among the studies [I 2 -statistic ¼ 94.3% (t 2 ¼ 0.8879, P < 0.001)]. Therefore, we present the results of the random-effects meta-analyses. The random-effect meta-analytic pooled OR for all cancer types combined was 1.96 (95% CI: 1.37-2.81, P < 0.0001) for the quartile with the shortest telomeres compared with the referent quartile of TL with longest telomeres (Fig. 2) . On the basis of Begg's test, there was no evidence of publication bias (P ¼ 0.072).
Sensitivity analyses
Han and colleagues (15) reported on each skin cancer entity (melanoma, SCC, and BCC) separately. We thus computed and used a summary OR for all skin cancers in the main analysis to avoid underrepresenting heterogeneity. We repeated the analysis using the separated estimates of each skin cancer. Because the controls were matched individually, the estimates were independent. By splitting a single study into 3 substudies, we underestimate the interstudy variability but better account for the differing etiology of telomere attrition in those cancers. The random-effects pooled OR over all studies (using the 3 separate skin cancer estimates) was 1.95 (95% CI: 1.43-2.66, P < 0.001). The I 2 -statistic showed comparably high heterogeneity of 94.2% (t 2 ¼ 0.6738, P < 0.001).
We also separately estimated a pooled OR for the 7 breast cancer studies included in the meta-analysis (13, 14, 25, 28, 29, 37, 46) . The studies enrolled between 152 (37) and 1,122 (13) breast cancer cases. The randomeffects pooled OR was 1.06 (95% CI: 0.41-2.75, P ¼ 0.9) indicating no association of breast cancer with TL. Lacking sufficient data, we could not further stratify by age or menopausal status.
We repeated the analyses using only studies (for any cancer) which used Q-PCR for TL measurement to lessen possible confounding due to differing laboratory methodology. The random-effect pooled OR was 1.59 (95% CI: 1.07-2.36, P < 0.0001).
Finally, we analyzed retrospective and prospective studies separately to better account for reverse causation bias. The pooled estimate for the retrospective studies was 2.9 (95% CI: 1.76-4.8, P < 0.0001; Fig. 3 ). The prospective studies combined yielded a pooled OR of 1.16 (95% CI: 0.87-1.54, P ¼ 0.32; Fig. 4 ). This finding is in agreement with Pooley and colleagues (25) who published significant findings in retrospective breast and colon cancer and null results in the prospective cohorts. Figure 2 Meta-analysis of the association between telomere length and cancer. Studies included in the meta-analysis were selected on the basis of the following criteria: DNA derived from blood and buccal cells, and analysis by quartiles of TL among controls. Unadjusted odds ratios were used to conduct analysis [exception: Pooley and colleagues (25) : ORs are adjusted for batch to avoid confounding]. Significant study heterogeneity was present (I 2 ¼ 94.3%, P < 0.001), so the random-effects meta-analysis was used. The weight percents are from the random-effects analysis. The dashed line indicates the OR of the meta-analysis. References (14), (19) , and (30) reported a significant association of longer TL and risk of breast cancer and NHL, respectively; we used the inverse log ORs to compute the summary OR. The forest plot was created using Stata version 11.0 (StataCorp)..
Discussion
Telomere shortening results in chromosomal instability which, in the absence of normal cellular senescence processes, can lead to cancer development. Patients with germ line defects in telomere biology, such as those with DC, have a very high risk of cancer (9) . Most somatic cancer cells have significant aberrations in telomere biology. Therefore, it is biologically plausible that individuals with short telomeres, even if they are not as short as in DC, might be at increased risk of cancer compared with individuals with longer telomeres. This hypothesis formed the basis for the association studies of cancer and TL described in our report.
Studies on bladder, esophageal, gastric, head and neck, ovarian, renal, and overall incident cancer found that shorter telomeres were significantly associated with these cancers. Findings from studies on non-Hodgkin lymphoma, breast, lung, and colorectal cancer were inconsistent. Single studies on endometrial, prostate, and skin cancers found no associations. Our meta-analysis showed a statistically significant positive OR and therefore suggests an association between short TL and cancer in the studies evaluated. This estimate, however, is heavily weighted by the larger studies and cancer types on which most studies were conducted. Results from very small studies and in cancer types, for which only 1 or 2 reports (e.g., head and neck, ovarian cancer) have been conducted so far, need to be interpreted with caution. Thus, these results may not be representative of all cancer types.
This meta-analysis accounted for the variability in TL measurement methods between studies. Most studies used Q-PCR, a high-throughput method which is suitable for large epidemiologic studies. Although the CVs have improved significantly since their development, the CVs in the reviewed reports are highly variable. In addition, only 1 report published an ICC which is more suitable to assess repeatability of an assay. The reproducibility between laboratories, the effects of DNA extraction, Figure 3 . Meta-analysis of telomere length and cancer in retrospective studies. The plot was created using Stata version 11.0 (StataCorp). Svenson and colleagues and Gramatges and colleagues found an association with longer telomeres; here, inverse log ORs were used to compute the summary OR. The dashed line indicates the pooled OR of the analysis. Because there was significant heterogeneity described by the I 2 -statistic between estimates across studies, we present results from the random-effects model. and DNA storage need to be addressed in future studies. Methodologic studies of TL measured by TRF analysis by Southern blot, Q-PCR, Q-FISH, and correlations with single TL measurement are also needed to assess the evidence from different studies. These details should be reported in future TL association studies.
Our findings are intriguing but several questions remain to be answered such as: (i) What is the role of TL in surrogate tissues in the etiology of specific cancers? (ii) Could reverse causation bias explain the discrepant findings in studies with variable findings in the same cancer type? and (iii) How is telomere shortening related to or influenced by common cancer risk factors (e.g., smoking or inflammation)?
Surrogate tissue TL may be a marker of genetic risk and/or environmental exposures that are related to cancer etiology. A limited number of intraindividual TL studies suggest that TL differs between tissues but that it is correlated within an individual (36, 40, (47) (48) (49) . Thus, measuring TL within a surrogate tissue, such as blood or buccal cells, may aid in understanding TL in other tissues. However, it is possible that variability in surrogate tissue TL, and the potential direct exposure of that tissue to carcinogens (e.g., buccal cell exposure to cigarette smoke) could explain discrepant results in some of the studies described. For example, it is not known whether there are differential effects of smoking on TL in oral or lung tissues, which are directly exposed to cigarette smoke, compared with tissues without direct contact such as blood cells.
The majority of the published studies reviewed were case-control studies which obtained DNA from the cases after cancer diagnosis. This could result in reverse causation bias, where changes in surrogate tissue TL could be a consequence of the presence of malignant disease rather than an etiologic marker. Studies of incident prostate, skin, colon, and breast cancers (13, 15, 20, 23, 33) , in which samples were collected months or years prior to cancer diagnosis, did not find significant evidence for associations between TL and cancer risk.
The majority of the reviewed studies do not give information on administration of chemotherapy or radiation therapy prior to DNA collection. There is theoretical consideration and empirical data that both therapeutic modalities shorten telomeres (50) (51) (52) . Only 2 small studies of the reviewed reports (ovarian cancer, ref. 24 ; breast cancer, ref. 14) commented on treatment. They, however, did not find a difference between cases who received Figure 4 . Meta-analysis of telomere length and cancer in prospective studies. The plot was created using Stata version 11.0 (StataCorp). Lan and colleagues found an association with longer telomeres and NHL; here, inverse log ORs were used to compute the summary OR. The weight percents are from the random-effects analysis. Heterogeneity was described using the I 2 -statistic, the approximate proportion of total variability in the point estimates that can be attributed to heterogeneity. The dashed line indicates the pooled estimate of the analysis. Han and colleagues reported on each skin cancer entity (melanoma, SCC, and BCC) separately. We computed and used a summary OR for all skin cancers in this analysis to avoid underrepresenting heterogeneity. chemotherapy prior to sample collection and those who did not. Comparison of prospectively collected samples to samples collected at the time of enrollment after breast or colon cancer diagnosis suggested that telomere shortening occurred primarily after diagnosis (25) . Additional prospective cohort studies, with collection of serial samples, and inclusion of treatment data are required to better understand the differences in these findings.
Studies which assess potential interactions between known cancer risk factors on TL and cancer risk are important to understand these associations. Data suggesting that other risk factors, such as obesity, other hormones, even stress or lifestyle, influence TL, and risk of cancer have been discussed elsewhere (53, 54) . Cancer types with no or inconsistent associations with TL include breast and prostate cancers. These cancer types are predominantly influenced by hormones. The role of cigarette smoke or inflammation in the development of these cancers is either minimal or ill-defined (55) . Notably, estrogen has antiinflammatory and antioxidant activities which may have protective properties against the development of cancer. In addition, estrogen can stimulate telomerase (56) . This might explain some discrepancy in the breast cancer reports in pre-and postmenopausal patients.
All cancers found to date to be associated with short TL have either an inflammatory component (e.g., bladder and gastric cancers) and/or are strongly associated with a known carcinogen such as smoking (e.g., bladder and lung cancers). Telomere shortening can occur as a result of oxidative stress (57) . The reactive oxygen species present in cigarette smoke may explain, in part, the studies suggesting an association between the cumulative lifetime exposure to cigarette smoke and more rapid telomere shortening (58, 59) . Studies with detailed smoking exposure data, TL, and cancer are needed to better understand this potential interaction.
Chronic inflammation is a known risk factor for some cancers (e.g., esophageal, bladder, and gastric cancer) and is also associated with high granulocyte turnover (60) . Because telomeres shorten with each cell division, this may result in shorter granulocyte telomeres causing a reduction of the reported TL of DNA from total leukocytes. Several cytokines may activate telomerase which could, in part, compensate for telomeric loss (61, 62) . Ulcerative colitis is another example of the complex interplay between inflammation, cancer, and telomere attrition. In this chronic inflammatory condition, individuals are at increased risk of colon cancer; patients with higher rates of chromosomal instability and shorter telomeres are at greater risk of progression to colon cancer (63) . It is possible that individuals who are most susceptible to smoking and/or inflammation-related cancers may also be susceptible to more rapid telomere attrition due to a combination of genetics and environmental exposures.
In summary, our meta-analysis showed suggestive evidence for an association between short TL and overall cancer, but this effect may be driven by stronger effects in specific cancers, the presence of reverse causation bias, and/or the potential effect of prior cancer therapy in case-control studies. The fact that the summary-ORs for retrospective studies were much higher than for the prospective studies (2.8 vs. 1.16) might be due to the presence of reverse causation bias and possible contribution of cancer therapy prior to sample collection. Notably, the subanalysis on breast cancers showed no significant association with TL. Heterogeneity between all studies was substantial. Some studies were small and the number of studies for each cancer type is still limited. Conclusions for cancer types in which only or very few studies have been conducted have to be interpreted with caution. For many cancers, the association between TL and risk of cancer has not yet been investigated. It is also biologically conceivable that analyzing average TL over all chromosomes combined might blur effects because the shortest telomere in a cell may be the most critical. Future studies of chromosome-specific TL will be required to better understand this aspect. Large, prospective studies of specific cancer types which evaluate TL before and after cancer diagnosis with detailed information on treatment modalities will also be required to better understand the role of surrogate tissue TL and cancer risk.
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